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I.  I}iTR£SUC?I(2j 


In  a  search  for  stroller  alloys,  several  aircraft  comanies  turned 
to  202I1  aai  2011i.  3oth  have  an  ultiiate  strength  of  nearly  70,030  psi  and 
are  similar  in  that  both  depend  cainly  on  copper  for  their  strength.  Korth 
American  Aviation  (2ef.  1)  chose  202Ji  for  their  large  Kavaho  tanks,  whereas 
Jferlis  selected  ‘ir*?!!:  for  Titan  tasks  of  about  the  saiae  size-  The  2Cflli  is 
considered  to  be  sooeidiat  less  crack  sensitive  so  it  vas  diosen  of  the  two 
for  our  investigation. 

After  the  above-named  alloys  ware  adopted,  Alcoa  was  approached  by 
an  aerospace  industay  group  with  the  request  that  Alcoa  develop  a  weldable 
higb-stiei^th  aluniinn  alloy  (Hef.  2  and  Ref.  3) .  The  result  vas  their  2219 
alley  which  indeed  does  have  weldability  approachii^  that  of  5o6l  along  with 
a  tensile  strength,  62,CXX)  psi,  approachii^  2C)llt.  Boeing  is  using  it  on 
their  Bocarc  tanks,  (hef.  h)  and  our  Metallurgy  Iroup  plans  to  investigate 
it  in  a  continuation  of  this  urogram. 

Both  2Cfl}i  and  202L,  it  shcjuld  be  noted,  are  generally  classed  as 
not  weldable  (other  than  by  resistance  welding).  To  vid.d  then  requires  r^ 
fined  techniques  and  close  control  of  variables,  Gastemarily,  these  alloys, 
when  fusion  welded,  ai-e  used  in  the  as-velded  condition  and,  in  rect^nition 
that  the  joint  will  be  about  half  as  strong  as  the  parent  uetal,  the  design¬ 
ers  arrange  to  have  the  joint  about  twice  as  thick  as  the  parent  metal.  This 
is  cnstosarily  done  by  thinning  cost  of  the  surface  of  the  tank  skins  or  s^- 
setts  before  welding  so  that  only  a  band  of  original  thickness  naterial  about 
two  inches  resains  alongside  each  joint  to  be  welded.  The  recoval  of  cats- 
nal  to  produce  the  large  thin  regions  is  done  ly  mechanical  milling  or  by 
chesi-isilling  (a  patented  chemical  etching  process). 

2Glli  has  a  high  susceptibility  to  stress  corrosion  cracking  and  bas 
only  a  fairly  good  general  corrosion  resistance  coapared  to  606l.  Therefore 
the  use  of  alolan  201 A  is  olten  required,  in  the  perfonsance  of  2Uli:  welds, 
the  main  problems  are  inconsistent  ductility  znd  strength  and  occurrence  of 
fins  porosity,  techine-made  velds  are  reasonably  flree  of  cracking  trouble, 
bat  manual  velds,  especially  repair  wd.ds,  present  a  serious  cracking  prcblen 

2iis  report  will  describe  the  investigation  of  the  welding  of  201ii 
alloy.  The  objectives  were  to  get  at  least  suase  tentative  answers  to  tlie 
problems  noted  move  and  to  determine  typical  prroerties  obtainable  througji 
several  corbinations  of  prew^d  and  post-w?ld  heat  treatments. 


A  principai  objective,  for  exanDle,  wais  to  study  the  v^d-theivage 
sequence  since  this  had  proved  so  veiy  successful  at  Bell  on  6o6l-TJi,  allowing 
nearly  full  base  metal  strength  to  be  reslized  in  606I-TI:  Joints  i*ich  vere 
OEQy  aged  after  welding*  elijaimting  the  oftai-difficult  step  of  solution  heat 
treatirg, 

Ihe  welding  reported  here  was  done  ly  the  irert-gas-shielded  tungsten 
arc  process  (Heliarc),  principally  with  mechanic^  equipment,  although  sosne 
hand  welding  was  done.  The  materiaO.  was  1/8  2011:  Alclad  sheet. 
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Ko  prtAileEs  vere  experienced  in  making  sound  vrelds  in  2uili  alley 
plates  under  iaboratorv  conditions.  Production  and  repair  difficulties  car* 
be  expected  but  these  can  be  evaluated  only  on  saanles  imich  vould  simulate 
Banufacturing  conditions. 

Ihe  poor  vd-dability  of  20  ii  aa  cespared  to  6061  is  attributed 
largely  to  its  vide  malting  range  of  230  F  versus  105  ?  for  606l,  The 
effect  is  to  delay  solidification  of  the  base  retal  at  the  edge  of  the  veld* 
While  it  is  in  this  partially-rseltsi  condition,  it  has  low  strength  and  duc- 
tili"^  and  is  subject  to  cracking  fron  shrinkage  stresses. 

Hardness  surveys  across  the  joints  vere  very  usefbl  in  detemining 
the  relative  strengths  of  the  veld  and  the  heat-affected  sones  ir  the  base 
Eetal, 


Stress  corrosion  tests  shoved  that  joints  aged  after  velding 
cracked  in  l60  hours  in  a  aoist  s^t  ateosphere.  Joints  in  the  as-velded 
condition  did  not  crack  during  the  ^-hour  test.  There  are  strong  indi¬ 
cations  that  fhsion  voided  2Qllj  should  be  used  only  in  the  as-vd.ded  condi¬ 
tion. 

AH  joints  failed  in  the  vd^  metal  in  both  tensile  and  bend 
tests.  This  vas  net  attrii®tabl6  to  aiy  specific  fault  other  than  that  the 
veld  vas  sioly  too  soft  for  the  alloy  being  joined.  On  fully  heat-treated 
jcints,  the  vdLd  hardened  to  vhere  it  approached  the  base  metal  strength| 
i.c,  89  per  cent  of  the  70,000  psi  base  met^  strength, 

cEydrostatic  bulge  tests  in  vhich  a  disc  is  leaded  biaxially  viU 
simlate  the  stresses  fourri  in  a  pressure  vess^  rv:cl.  better  than  uniaxial 
tensil<-  and  beni  specimens.  So  far  201i  has  not  perfo.TOd  better  than  6o6l. 
The  indicaticai  is  Uial  kkIu  joini  siresses  vili  have  to  be  krot  ac  roa-’raxe 
levels  to  assure  reliability. 

In  stud;.  ing  tli  effect  of  vddlng  sp*^ed  cn  the  strength  of  welded- 
then-aged  20lL-Th,  ve  found  that  an  increase  in  speed  improved  the  response 
to  aging  in  the  heat  affected  zone  just  as  it  does  in  6C^-Tl;.  A  similar 
effect  occurred  in  both  alleys  in  that  speeds  abev**  15  inm  did  not  bring 
significantly  greater  irprovement  in  KAZ  hardenability. 


» 

t 

I 


12-2SL61 


BLR  (M) 


in.  KETALUJROr  AND  HEAT  TREAIMENT 


The  201ii  alley  ie  of  the  aliutinua-copper-SHignaslxufr-silicon  lype  ao- 
plojrlcg  copper  alunlnlde  (CUAI2)  as  the  prinaiy  preclpltatloivhardanlng  agent. 
A  secondaxy  precipitation  hardener,  Cu  Mgg  Sij^Alr,  greatly  Increases  the 
strength  attainable  through  artificial  agxng  jtiii  is  also  responsible  for  the 
natural  aging  characteristics  of  this  alley. 

The  secondary  alloying  elements,  that  is,  nagnesium  and  silicon  form 
low  melting  coirolex  eutectics  witii  melting  points  of  9tC~9BO  F,  These  limit 
th3  solution  heat  treatment  to  9li5  F,  abowe  which  there  is  melting  of  the 
eutectics  with  danger  of  cracking  as  well  as  pennanent  harm  to  nechanieol  pro¬ 
perties,  especially  ductility. 

Cosplete  re-solution  of  the  CtiAl2  miero  constituent  cannot  occur  at 
9li5  F  90  there  is  always  an  excess  of  this  present.  The  form  and  distribution 
of  the  1^1112  iniluences  the  ductility  and  toughness  of  the  alloy.  In  unwelded 
sheet  metal  the  excess  constituents  are  erenly  distributed  in  sm^l  more-or- 
less  globular  shapes.  After  welding,  these  constituents  exist  as  long  strings 
and  films  within  tho  structure  of  each  grain  in  the  weld.  In  this  coixlitlon 
they  tend  to  form  continuous  brittle  planes  of  weakness.  In  the  overheated 
base  metal  at  the  edge  of  the  wd.d  there  is  likewise  a  grain  coarsening  with 
formation  of  the  brittle  films. 

The  chemical  cooposltion  limits  fbr  2011  are  as  follows* 


□.ement 

Min  % 

Mmc  f 

Copper 

3.9 

5.0 

Silicon 

0.5 

1.2 

Iron 

1.0 

Manganese 

O.lA) 

1.2 

Magnesium 

0.20 

0,80 

ChI^xalun 

0.10 

Zinc 

0.25 

Titanium 

0.15 

Aluminum 

remainder 

The  201I1  alloy  is  hardenable  by  a  precipitation  heat  treata»nt. 

This  is  in  two  steps:  the  first,  cilled  solution  heat  treatment  consists  of 
heating  to  9li0  F  to  dissolve  the  CxiAl  and  certain  other  aicroconstitxients  and 
then  quenching  rapidly  in  water.  This  produces  the  201i*-Tli  condition.  The 
qnendi  is  fast  snough  that  thsre  is  not  time  for  the  constituents  to  precipi¬ 
tate  out  in  aecordsnee  with  their  decreasing  solubility  at  lover  temperatures. 
The  -TU  material  Is  stable  at  room  tmiqperature.  The  second  step  of  the  heat 
trestBsnt  la  called  aging  (or  artiflclai  aging)  and  consists  of  hasting  the  -Th 
St  31*0  F  for  10  hours.  This  gives  the  strong  -T6  condition.  The  strengtbeoing 
results  troM  precipitation  of  submierosooplc  particles  of  the  hardening  oonati- 
tnsnts.  Whan  heated  to  higher  t€«q)eratare  "overaging"  results  witti  loss  of 
properties.  Finally,  heating  to  around  800  F  gives  gross  precipitation  and  the 
soft  stable  "annealed"  condition. 
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IV.  WELD  NETALLDROr  AMD  WELDAfiUnT 


AlualzBiB  alloys  mlt  orsr  a  raoga  rathar  than  at  a  sln^a  twyarature 
and  tha  rslatiiTS  difficulty  of  waldlnt  azgr  Alloy  can  bo  oatimatod  froB  this 
rang#.  An  alloy  la  wltho'.it  strength  or  ductility  uhlla  it  la  in  its  aoltlng 
range  and  a  bj'oad  range  implies  a  long  tine  In  which  the  naterial  alongside  the 
veld  is  in  a  condition  in  which  shrinkage  stresses  easily  produce  cracks*  In 
the  table  below  the  relatively  poor  position  of  2011t  eociaaina  Its  orack  sensl^ 
tlvlty#  especially  In  nanual  welds  vhloh  are  characterised  by  slow  speeds  and 
high  heat  ii^nxts.  The  weldability  rating  Is  purely  arbltrazy* 


Alloy 


1190  -  1215 
1100  -  120li 
1030  -  1160 
950  -  1180 
935  -  1180 
890  -  1180 
1065  -  1170 


Difference  F 


Weldability  Rat 


(filler  Mtal) 


The  second  factor  influencing  wddabllity  is  the  solidus  temperature 
(or  bottoR  of  the  nelting  range).  Ideally,  the  weld  netal  should  solidify 
after  the  adjacent  base  oetal  has  solidified  so  the  welding  shrlxikage  strains 
cculd  be  fed  or  filled  up  by  the  still-aolten  pool  sf  veld  netal.  With  U0li3 
filler  on  6o6l,  this  holds  true,  but  on  SOlit  there  Is  no  filler  Mtal  with  so 
low  a  solidus  as  2011.  The  nost  eraek-free  filler  for  201ii  Is  l;0l;3  and  Its 
solidus  is  100  F  above  that  of  the  base  netal.  It  might  appear  that  the  weld 
would  be  solid  long  before  the  base  s-etal  and  that  cracks  In  the  latter  wore 
inevitable.  This  does  not  occur,  only  because  of  the  continual  progression  of 
the  weld  pool  and  the  exceedingly  steep  themal  gradients  across  the  veld  and 
base  netal. 

In  the  wrought  base  metal  before  it  is  exposed  to  welding,  the  excess 
of  CuAl  and  other  microconsxltuents  is  evenly  distributed  in  SBall  acre-oxwless 
globular  shapes.  Their  effect,  even  though  they  are  brittle,  is  not  serious. 
However,  in  the  process  of  welding,  the  ad-cmccnstituents  in  the  fusion  sons 
asBuae  a  different  configuration.  Thay,  of  coarse,  melt  along  with  the  alual- 
n'JR  Mtrix  in  the  arc  path  where  the  weld  is  being  made.  After  Introduction  of 
weld  filler  rod,  the  weld  solidifies  in  what  is  no  longer  a  wx*ought  structure 
but  Instead  Is  a  oast  struoturs  consisting  of  fins  slongated  grains,  All 
orlsstsd  la  ths  direction  of  solldlfloatlon  of  the  veld  pool  and  pointing  gane- 
rally  toward  the  osntsxOLlne  of  ths  weld.  How  ths  RierooonstitMnts  assuas  the 
shape  of  long  parallAl  strings  and  fllas  within  ths  dsndrltle  structure  of  each 
grain.  In  this  condition  a  brittle  constituent  becoces  nore  hazuful  beeauan  It 
oosMe  sore  closely  to  forslxig  a  continuous  plane  of  weakness  In  the  Joint. 

The  grain  else  and  the  else  of  the  fine  dendritee  within  the  grain  can 
be  lessened  by  welding  at  low  heat  Inputs,  that  is,  at  a  high  welding  q>eed. 

This  proa»tea  rapid  solidification  of  the  weld  pool.  Orain  refining  additives 
xn  the  filler  netal  also  evn  help.  In  the  finer  grain,  not  only  are  the  cor;- 
stituenta  lass  likely  to  form  solid  continuous  films,  but  alec  being  smaller, 
they  can  be  more  coripletely  dissolve'?  in  ai^y  subsequent  heat  tiuatnent. 
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ae  Eaterial  for  the  iurestigation  was  Alclad  20l!i-Tft  sheet  in  1/8 
inch  gage.  This  represented  the  Ihichest  isaterial  conteCTlated  for  use  in  the 
^mediate  futurer  S>es  the  — lli  conii.tion  was  needed,  tho  2DlL-ro  was  solution 
heat  treated  (1  bcor  at  535  ?  2nd  water  quenched)  to  produce  this,  tields  were 
parallel  to  direction  of  rolling  of  the  sheet  so  that  tensile  bars  cut  fron 
this  would  be  loaded  transverse  to  direction  of  roUii^. 

The  aedianised  welding  was  done  ty  the  gas  shielded  tungsten  arc 
process  on  Airco  Autocatie  Heliweld  eguinasnt,  ifeldi:^  current  was  AC  &ob  a 
iiOD  a^ere  AC  power  supuly  having  capacitors  in  the  secondaiy  circuit  to  give 
a  balanced  wave  sbae.  The  joints  were  square  butt  with  zero  to  O.GIO 
gap.  The  edge  of  the  joint  on  backside  was  bri^en,  i.e.,  beveled  vezy  lig^itly, 
to  ajsircve  the  penetration  bead  and  eliininate  the  underside  centerline  crevice. 


Cleaning  before  welding  consisted  of  a  caustic  din  followed  bv  nitric 
^cid,  then  water  rinse,  Iznediately  before  wading,  the  abutting  edges'  were 
I'iled  with  a  clean  7ixen  file  to  give  a  bright  sin^face, 

2ie  veldi^  wire  was  2/16  in*  dianeter  type  LOlO  (5%  silicon  cUpy), 
To  insure  surface  cleanliness  of  this,  a  fresh  stock  of  the  Linie  HQ  grade  was 
used.  The  Initials  HQ  stand  for  High  Quality  and  denote  that  it  has  a  shaved 
finish  of  hi^.  luster  and  urmm-T  cleanliness. 


Velds  were  rade  in  one  pass  usually  at  20  inn,  but  speeds  froB  5  to 
25  i?=  were  investigated  in  erder  to  detexsdne  the  effect  of  sneed  on  strer^th. 
The  tungsten  tetrode  was  1/S  inch  disaeter  of  1$  thoriated  type. 

The  welding  fixtare  had  waterwcoded  copper  i»ld  downs  szki  a  etld 
•tosi  bncklag  bar.  This  bar  had  a  flat  groesve  ,dib  inch  deep  by  5/15  inch  wide. 

The  welded  paa^s  were  heat  treated  as  necessary  then  cut  into  beai 
end  tensile  neeinens,  Sazples  for  hardness  surveys  and  aetallurgicai  i»Tgi!HT>g- 
tion  wei'e  also  taken. 


The  tensile  specinens  had  a  0,5  in*  wide  by  2,5  in*  loi«  reduced 
width  section  with  the  ^:_ld  crossways  of  the  specisen  at  the  center.  Weld  re- 
inforcenent  was  ground  flush  on  tensile  and  specinens.  The  latter  were 
one  inch  wide  by  6  inches  long,  bent  around  a  5T  radius  (1-1/Ji  diazseter 
circle  fer  2/8  inch  sacsles). 
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Tho  tisbles  or  tensile  test-  results  shew  the  average  of  three  spe- 
cirensj  in  the  bend  test  two  specinens  were  tested  and  both  values  are  re¬ 
corded. 

The  yi^d  strength  as  reported  is  subject  to  error  when  deterraned 
on  a  specimen  having  zones  of  varying  strength  aid  dnctilitj*  within  the  two- 
inch  gage  length  upon  which  yield  is  based,  "hen  the  weld  is  considerably 
softer  than  the  base  netal,  it  can  be  prestsned  that  it  is  wd.1  past  its  yidd 
strength  by  the  tine  the  stress  rCTorted  in  the  table  is  reached,  nhere  all 
zones  are  about  of  the  sane  strength,  this  error  is  slight. 

Table  I  gives  the  properties  of  .siciad  2011;  base  netal  in  several 
heat  treatnents  and  two  orientations.  Table  H  gives  the  properties  of  the 
welded  joints.  The  sane  data  is  presented  in  the  bar  graph.  Figure  1  giving 
perhas  a  rore  rapidly  ceznsrehersied  picture  of  the  strengths  of  the  two  weld¬ 
ing  nethods  (nechanical-and  nanual- inert  arc)  and  the  several  heat  treataents. 

The  r^'T'T-iTr-  bend  radius  and  bend  angle  required  fer  satisfactory 
service  perfomance  is  not  known.  The  5T  bend  radius  was  chosen  because  it  is 
about  the  to  'jdiich  sone  of  the  stroller  joints  could  be  bent.  Since  a 

bend  angle  of  about  25  degrees  is  loeeded  to  fons  the  ^rald  and  heat-affected 
zone  around  the  nandr^,  this  was  tentatively  taken  as  the  rnnisan  accntable 
bend  argle.  Xith  those  specicens  having  r^ativ^y  soft  velds  there  was  trcthle 
keepii^  the  weld  against  th*  naadrel  so  that  it  would  not  lift  and  take  a  sharp 
bend  radius  of  its  own  choosing.  To  correct  this,  we  laid  a  strip  of  base 
netal  under  the  ^ecinen  tc  help  force  it  to  cenfom  during  bending, 

Assunirg  a  25  degree  angle  as  the  nininnn,  practically  ^1  the  spe- 
cissas  massed  except  the  JiA  set.  The  only  high  ductility  heals  were  in  the 
as-velded  ones. 

The  princip^  observations  that  night  be  xade  firce  an  exacination  of 
the  tables  and  the  bar  gr^h  are  sunnarized  below.  Certain  of  these  are  ela¬ 
borated  upon  ir  1p+-cr  sections. 

1)  In  the  base  netal  the  transverse  properties  are  slightly 
poorer  (0.5  per  cent)  than  those  taken  longitudinal  or  lengthwise  of  the  di¬ 
rection  of  rolling.  All  of  our  welds  were  oriented  so  the  tensile  bars  wre 
loaded  transversdy. 

2)  The  2Slh  did  not  perfom  nearly  as  efficiently  as  6o6l  ir  a 
w?Qd-and-ag*  sequence.  Joint  efficlgncy  with  2011;  was  about  70  per  cent, 
pared  to  100^  with  60&,  Since  all  failures  were  in  the  weld  cetal,  - 

sccce  hooe  that  an  issrovenent  in  the  w^d  can  raise  this  eflider  - 
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3)  Fully  heat  treated  isadiine  velds  in  20llt  had  a  tensile 
strength  aliaost  90?  of  that  of  the  base  netal,  Ewever,  the  low  ductility 
of  these  gave  poor  results  in  the  bend  tests  and  bulge  diaphragn  tests. 
These  two  tests,  especi^ly  the  latter  one,  are  a  good  test  of  the  depend- 
^ility  of  the  ^int  in  an  end  iteai  suth  as  a  pressure  vessel. 

Ij)  2011i  as  coapared  to  606I,  spears  to  be  less  sensitive  to 
effect  of  vdding  speed  on  joint  strength  of  vdded  and  aged  -Tli  zsaterial. 
In  other  words,  there  was  little  ijjproTeraent  as  the  speed  was  raised.  As 
will  be  shown  later,  this  is  caizly  as  inadequacy  of  the  weld  net^  which 
is  sirply  too  weak  at  all  speeds. 

5)  The  principal  weakness  in  a  201ii  welded  joint  is  in  the 
vdii  octal.  All  saiales  failed  in  center  or  edge  of  the  vdd  so  this  is 
whare  devalcpaent  woik  ^culd  be  directed. 

6)  Practic^ly  ail  spedaens  passed  the  bead  test,  assuising 
a  ?5  degree  bend  angle  to  be  the  criterion. 
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In  this  prpgran  sCLl  tensile  and  bend  failures  vere  in  ihs  veld  netal, 
either  at  centerline  or  edge,  so  a  study  vas  nade  of  the  veld. 

Invariably  in  2CB.1.  and  2022j  velding  the  veld  is  the  veak  link 


Ihe  edg^of-veld  failure  vas  core  iTpical  than  the  centerline  one. 

The  fk'acture  foUoved  closely  that  interface  on  one  side  of  vhich  1^  the 
coarse  grained  overheated  base  netal  and  on  the  other  side  of  ■sd’.ich  vas  the 
veld  ratal  itself. 

Scattered  porosity  vas  found  in  cross-sections  of  the  velds  even 
though  x-r^  exairin alien  had  revealed  none.  This  tended  to  be  groroed  near 
the  edge  cf  the  veld  and  vas  so  very  fire,  only  O.Od  to  0.002  inch  diaaeter, 
that  x-ray  could  not  resolve  it.  The  edge-of-veld  failures  tended  to  fail 
through  this  porosity  and  it  can  be  assured  that  its  elidnation  vculd  raise 
the  veld  strength  a  fev  per  cent.  It  should  be  eepbasized  that  the  aaoant  of 
porosity  vas  slight.  The  presence  of  soae  porosity  in  velds  rade  under  laibor- 
atoiy  eondlticns  sviggests  that  it  right  be  even  rare  troublesceae  in  production. 
North  toerican  (Eef.  l)  solved  a  severe  perosi"^  proble:  on  202ii  by  using  a 
2-pass  veld,  during  the  iirst  pass  of  K:ich  they  could  see  the  porosity  bubbling 
to  the  surface  •  Cerron  practice  of  others  is  to  veld  in  one  pass  unless  the 
thickness  requires  several  passes. 

The  veld  filler  r-etdl  vas  type  li0l:3  {S%  silicon  -  95%  alusinun) . 
Ssserience  cf  othar  investigators  vith  ether  fillers  has  beer,  disappointing. 

Pure  alnalsaa  (I'T*)  cracks  d.ong  the  velds  so  badly  as  to  be  cemietely  un- 
useable.  On  radiine  velds,  201i:  filler  can  be  used  and  is  about  5  per  cent 
stronger  than  1:0L3,  but  in  ranaal  velds  it  cracks  badly  (Hef.  h). 

The  velds  in  our  tests  vere  ground  flush.  A  sli^.t  irprovenent  vould 
be  realized  if  the  reinforcecent  vere  left  on.  Our  bulge  disc  samles  did  have 
the  reinforceraent  aid  these  had  the  sane  edge  of  veld  failure  as  did  the  ten¬ 
sile  bars, 

Effort  night  veil  be  spent  on  irproving  veld  properties  by  searching 
for  a  stronger  alloy  and  by  pronoting  finer  grain  sine  through  addition  of  i 
grain  refiners  or  by  ultrasonic  agitation  of  the  pool.  So  far,  however,  no  one 
has  found  a  tedmiqae  better  than  the  popular  one  vhich  shuns  high  veld  strength 
am  instead  depends  tipan  deliberately  thickening  the  veld  joint  area  so  that 
the  stresses  are  lov  across  the  j.'int  and  it  in  tarn  can  be  left  in  the  soft 
and  ductile  conditicn.  This  practice  places  no  licit  on  the  aaount  of  repair 
velding  that  can  be  done.  It  is  very  likely  the  cost  reliable  ^roacb,  Tsers 
have  found  that  velds  iddch  are  in  any  cenditioo  other  than  as-veided  are  lov 
in  ductility  and  as  a  result  are  sensitive  to  notches  freo  defects  or  ftos.  un- 
avoldable  stress  comentrations. 
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“Hie  insist  into  6o6l  alloy  vdLds  on  a  similar  prograis  several  years 
ago  ■was  gained  largely  through  nse  or  hardness  surveys.  Hardness  is  closely 
relatai  to  tensile  strergth  and  a  “ell-jaade  surv^  will  reveal  the  ^proxinate 
strength  of  each  of  the  several  sones  associated  with  a  weld.  A  tensile  test, 
on  the  other  hand,  detemines  the  strength  ohli'’  of  the  wealsst  zone. 

All  the  specimens  of  this  test  failed  in  the  weldj  the  heat  affected 
zones,  beii^  stronger  than  the  veld,  had  no  bearing  on  the  results,  Kcwever, 
should  a  stroller  vdjd  natal  be  developed,  these  zones  could  beccne  of  signi^ 
S-cance  in  detereining  the  Joint  strength. 

Several  distinct  zones  exist  in  a  welded  Joint  in  <»  he cst- treatable 
alcainua  alloy.  Ihese  are  shown  in  Figure  2  along  with  a  typical  hardness 
survey.  The  aaproxinate  necperatures  at  the  linits  of  the  zones  are  givenj 
these  are  based  on  our  work  on  6C'6l  (Hef .  6,  .  Features  of  the  zones  are  as 
follows : 

1)  ‘ffeld  or  fusion  zone  {12X  F).  Tnis  is  a  fine  grained  cast- 
•irCT  ccEnosed  of  base  nstal  clus  filler  netal,  — t  is  heat^ireatabue  but  not  so 
veil  as  the  rarent  netal.  In  a  sachine-nade  weld  it  has  cooled  fast  enough 
to  be  in  a  supersaturated  (-71)  condition  and  is  susceptible  to  hardeitng  py 
aging. 

2)  Overheated  zone  (llOO  F),  In  this  narrow  base  metal  zone 
the  Edcroconstitaeuts  have  it-elted  and  agglccsrated  into  coarse  networks.  This 
has  low  ductility  high  suscentibility  to  stress  cconrosion.  In  manual  velds 
this  2one  becoses  wide  and  5js  the  source  of  cracks, 

3)  The  solution  zone  (llX-650  ?).  iias  cooled  rainly 

frsB  optdJBsa  tecseratures  (assundu^  it  to  be  a  ca chine  veld)  ana  is  suscntible 
to  aging  to  nearly  full  base  metal  strength, 

ij)  Ovsraged  rone  (650-550  ?),  Tne  cooling  rate  and  maxi run 
tenrerature  are  less  cotlmum  so  it  vail  not  age  to  full  base  metal  strength, 
In  r-.mial  velds  this  zone  ney  be  sc  soft  as  to  hare  annealed  picperties;  however, 
full  reheat  treataent  practically  erases  this  weakness, 

5)  Unaffected  Base  Jfetal  (below  550  F), 

Hardness  surveys  were  made  with  the  Bockvell  B  scale  (1/16  inch  ball, 
100  Sg  load)  sad  were  takes  on  the  cross-section  of  the  sasle  rather  than  on 
the  surface.  This  avoided  the  neeo  tc  file  off  the  cladding. 

The  use  of  a  hardness  suivt;,'  tc  stuxy  heat  effects  is  illustrated  in 
Figure  3,  Thts  is  for  2011»-Tli,  the  left  curve  is  for  the  as-velded  Jointj  the 
-l^t  for  a  voided- aad-aged  one.  The  latter  illnstrates  the  zones  described 
earlier.  Tensile  strei^th  is  annoxec  at  certain  points.  The  softness  of  the 
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wld  wtal,  e^dalljr  as-vddad,  is  epacract.  Ibos  aging  it  does  harden,  hot 
not  enengh  to  Batch  the  rate  of  hardenisg  of  the  base  netal.  9>e  oreraged  zone 
is  seen  in  the  right  eurre  when  it  dips  to  B72«  This  is  sooeahat  aore  serrere 
than  the  dip  for  o06l  at  this  speed.  This  vss  expected  since  2011;  is  sere  scs- 
sitiTe  to  rate  of  quecch  than  is  6o6tI> 

liB  consider  the  wdd-andoage  sequence,  as  illustrated  in  the  preced¬ 
ing  Figure,  ij^ortant  because  it  proved  invaluable  on  our  6061-71;  tanks. 

There  a  ftill  heat  treataent  and  age)  after  velding  ms  isDractieal  for 

distortion  reasons,  but  xiearly  -To  strength  vas  obtained  through  aging 
and  it  vss  hoped  that  this  could  be  duplicated  vith  2011;  allogr.  The  effect  of 
various  veldii^  needs  is  discussed  in  another  section  of  report. 

A  study  of  2CQJ>'T6  in  three  conditions  of  heat  treataent  after  veld- 
ipg  is  shown  in  Figure  1;.  AH  failed  in  the  vHd  in  tensile  tests  at  the 
values  zioted  on  the  curve. 


The  low  strength  of  the  vHd  setal,  even  -id^en  aged  is  again  erident. 
A  fun  reheat  treatnent  of  the  ^oint  (curve  1C)  however,  brings  the  veld  at 
least  into  the  vicinity  of  the  base  netal  strength.  Probably  the  solution 
heat  treataent  benefits  the  vHd  by  hcecgeolzing  it  and  refining  the  grain. 

The  center  eurre  IndicatM  that  the  veld  vu  nearly  as  strong  aa  the 
soft  zone  of  the  base  aet^  and  a  slight  iiproreaent  in  veld  strei^th  sight 
force  the  ft*actare  to  occur  in  the  heat  affected  zone. 

The  fully  heat-treated  ;5oiiit  (1C)  still  shows  sons  drop  in  the  heat- 
affected  zone  where  apnareitly  sone  peisanent  deterioration  vas  produced  in 
the  Eicrococstituents  br*  welding. 
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H.  THE  mSCT  0?  kaLDIHG  SHP  01  JOIMT  STRBIQIH 


Earlier  in  this  report  se  have  ■entioned  the  Toseess  at  in  veid- 
ihg  606l'>T2i  rapidly  enough  t-o  assure  that  the  heat-affected  zone  vould  stiU  be 
suaeeptihle  to  agihS  so  eonld  reach  ftiU  -I6  strei^th  i;^an  agieg.  llso^  in 
the  section  on  Teneile  Besults^  it  vas  noted  that  in  our  curraDt  c]^>eriJMOts  on 
2CaJ»-llj  w  tiled  Tarioua  veiling  speeds  but  that  consistent  failures  in  the  v»1d 
hid  azy  rdationship  betveec  speed  and  heat-affected  tone  strezgth.  By  aesns  of 
hardness  sumgra,  howerer,  «e  can  shov  this  relationship. 

therefore,  we  ran  hardness  surrsys  across  the  2011^1^  Joints  which  had 
bean  waOded  at  speeds  ft-ca  5  through  25  Ipa  and  tlan  sxtlficially  aged.  3heee 
are  shoim  in  Pignre  5.  5he  iaproTaaent  in  the  strength  cf  the  heaUaffectad 
sone  as  the  speed  is  raised  is  erldent.  Sect  we  ccnrerted  the  ainisua  heat- 
affected  zone  hardness  of  each  carre  to  eqniTalent  tensile  strei^th  in  prepara¬ 
tion  for  the  next  Figure. 

In  Figure  6  w«  shew  three  curres  of  tensile  strei^th  of  weldad-anl- 
agad  ^oys  plotted  gainst  welding  speed.  The  botto®  one  is  the  Mirtr.ric  one 
(Hef.  6)  for  6o6l,  and  since  all  those  failures  were  in  the  HA2  we  lebd  it 
“6o6l  Heat  Affected  Zones.*  Ihe  center  curre  is  iboa  our  current  on 
slle  results  and  since  aU  failures  were  in  the  wald  we  label  it  ■2flllj  welds*. 
Ihe  topaost  curre  plots  the  equiraleat  strengths  of  the  heat-affected  sones 
fox  2C1U  txoM  the  preceding  Figure  so  it  is  lab^ed  °201u  heat-affected  tones*. 

It  is  srldent  that  an  increase  in  welding  speed  iiprores  the  EAZ  res- 
panes  to  aging  of  2G(lli.72i  Just  es  it  dose  6Q6l.£t  aai  BsrMTsr  fbr  both  ellqys 
the  rate  of  lipror— nti  dladnlshae  ehezj^  Sbore  15  ip®  weldiig  speed,  ill 
that  raaelTM  to  be  la  to  dcrise  a  wdid  aetal  that  will  age  to  higher 
strengths  than  ^  EiZ,  that  is,  to  izoist*  70,000  pal,  aa!  than  the  weldUthen- 
■ge  eeqaease  can  be  used  to  adrantage  on  201])-7l{.  It  is  not  liUly  that  ■»«* 
a  wald  aetil  could  be  derisad  and  if  it  were  it  adght  be  too  to 

be  practical,  ilanlnua  welds  stressed  to  70,000  psl,  when  c(sg>ared  to  those  at 
15*000  psi,  wwld  be  far  wore  sensitire  to  defects  such  as  weld  bead  shape, 
dcro-cracke,  porosity,  traces  of  aside,  sc  on. 
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Sena  netals,  vhen  unter  a  high  surface  tenails  atresa  and  expoaed  to 
a  corrosive  BediiOB,  are  likely  to  cradt  lay  what  la  termed  stress  corrosion. 

The  crack  penetrates  along  a  veiy  narrow  path,  usually  following  grain  bounda¬ 
ries,  Olid  Isaves  little  visible  corrosion  product  on  the  surface.  Cracking 
can  occur  In  relatively  mild  solutions  and  in  the  rcletlvoly  short  time  of 
several  days  or  weeks.  Qenersl  surface  corrosion  or  plttii^  may  be  entirely 
absent  while  the  material  is  falling  by  stress  corrosion.  As  stated  above,  the 
material  most  be  under  tension  during  the  test  and  this  Is  usually  achieved  by 
bowing  it  in  a  firturo. 

The  201h  alloy  is  recognised  as  beli^  susceptible  to  strese  corroeion. 
disposition  of  the  C'':Al2  constituent  appears  tn  be  the  main  factor.  When 
it  is  in  laiige  cgglomeratlons  or  in  continuous  films  it  Is  more  harmful  than 
when  it  Is  in  solution  or  in  a  dispersion  of  fine  globules.  The  first  condi¬ 
tion  is  found  in  material  which  Is  quenched  too  slowly  in  solution  heat  twat- 
rer.t  cr  quenches  fres  too  high  a  temperature.  Such  conditions  may  be  found  in 
certain  weld  lones  especially  at  the  edge  of  the  weld. 

In  stress  corrosion  tests  the  tester  must  choose  an  environment  that 
he  believes  simuxates  service  canditlons  and  he  must  set  a  criterion  of  accept¬ 
able  performacce.  Our  testa  were  merely  exploratoiy  and  used  a  conveniently 
available  salt  (sodium  chloride)  atmosphere  at  100  ?,  95  per  cent  relative 
humidity. 

The  samples  were  1/8  x  1  z  8  inches  in  size  with  the  veld  across  the 
center.  Duplicates  were  claaped  back-to-back  with  a  3/L  Inch  plastic  spaosr 
at  the  center  and  the  ends  pulled  together  by  bolts,  see  Figure  1.  According 
the  deflection  forzulas  this  should  give  a  tensile  stress  of  50,000  psl  on 
the  outer  surface  near  the  weld. 

The  first  tests  were  with  the  Alclad  Iqrsr  intact.  Attack  proceeded 
slowly  and  erratically  the  raw  edgss  of  the  specimen.  Thsrefors,  on  the 
remainder  of  tbs  testa  the  daddlng  wae  ground  off,  Th«  cladding  was  continuous 
up  to  the  edge  of  the  weld,  and  even  slightly  within  the  bead.  Probably  it 
could  be  counted  on  to  protect  dad  surfaces,  but  this  affords  no  protection 
for  raw  edges  or  undad  mezfcers  such  as  forgings. 

As  shown  in  the  Table  below,  all  samples  in  the  as-wdded  condition 
lasted  to  the  end  of  the  teat,  291  ho^s,  without  cracking. 

All  velds  which  had  been  aged  after  welding  cracked  and  broke.  One 
is  shown  in  the  photograph.  Figure  7.  Inadvertency,  no  test  was  made  on  sar.> 
plec  fully  heat  treated  after  welding. 

Thoee  sacples  which  cracked  did  so  along  the  edge  of  the  weld  at  the 
interface  of  the  veld  and  base  metal.  Here  the  base  metal  hae  been  heated  to 
the  welding  teeperature  -  about  1100  F  -  and  the  CuAl2  Is  in  the  coarse  stringy 
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condition  vhlch  lmit«s  stress  corrosion.  These  specimens  hud  been  f .^ed  and 
the  result  of  this  vas  that  the  matrix  around  the  large  CuAl2  particles  was 
hardened  by  the  precipitation  of  sub-alcroscopis  particles  of  soTerel  consti¬ 
tuents  including  Cail2.  This  put  the  grains  in  a  state  of  high  internal  strain 
and  so  raised  the  susceptibility  to  cracking. 

The  relative  imunity  of  the  as-veld<2d  saaples  was  partly  due  to 
their  low  weld  yield  strength.  This  allowed  them  to  yield  plastically  so  that 
tl’e  surface  stress  was  probably  little  hither  than  their  yi<ld  strengtl’iy  around 
25,000  to  30,000  pal.  These  sallies  had  a  cenaanent  sot  when  removed  llom  their 
clasping  fixture. 


Sasnle 

Condition 

Hours  to  Failure 

IB 

-T6  weld  and  aged 

155 

2B 

-Tit  weld  and  aged 

1/9 

1* 

-T6  as  welded 

OE  at  291 

2A 

-Tit  as  welded 

OE  at  291 

Sk 

-T6  manual  veld,  as  welded 

OS  at  291 

